Extracellular matrix protein adhesin A (EmaA) is a 202-kDa nonfimbrial adhesin, which mediates the adhesion of the oral pathogen Aggregatibacter actinomycetemcomitans to collagen. EmaA oligomers form surface antenna-like protrusions consisting of a long helical rod with an ellipsoidal ending. The functional analysis of in-frame emaA deletion mutants has located the collagen binding activity to the amino terminus of the protein corresponding to amino acids 70 to 386. The level of collagen binding of this deletion mutant was comparable to the emaA mutant strain. Transmission electron microscopy studies indicate that the first 330 amino acids of the mature protein form the ellipsoidal ending of the EmaA protrusions, where the activity resides. Amino acid substitution analysis within this sequence has identified a critical amino acid, which is essential for the formation of the ellipsoidal ending and for collagen binding activity.
The interaction with extracellular matrix (ECM) proteins of the host is an established virulence determinant in many bacterial pathogens (13) . Bacteria express several surface proteinaceous structures for adhesion to ECM proteins. These structures are categorized as fimbrial and nonfimbrial adhesins and can be visualized in negatively stained images of bacteria by transmission electron microscopy (TEM) (12, 32, 40) . Fimbrial adhesins are typically long structures with lengths of 0.3 to 1 m (5) composed of multiple copies of homo-or heteropolymeric subunits (14) . Nonfimbrial adhesins form smaller structures, up to 0.3 m in length, which consist of a single protein monomer, or small homo-oligomers anchored to the surface of the bacteria (12, 13, 29) .
Homo-oligomeric adhesins compose a subclass of the type V autotransporter secretion system, which include types V a , V b , and V c . Autotransporters are defined as proteins containing all of the molecular information required for translocation to the surface of the bacterium (15) . The modular structure of an autotransporter protein is composed of three domains: an aminoterminal signal sequence, a passenger domain, and a carboxylterminal translocation unit (27) . The signal sequence targets the protein to the inner membrane for further export into the periplasm via the sec-dependent system, followed by the cleavage of the signal peptide (11, 41) . The translocation unit in the periplasm inserts into the outer membrane to form an integral membrane ␤-barrel pore and facilitates translocation of the passenger domain through the outer membrane (11, 27) . In the type V c class of autotransporters, a minimum of three monomers of the protein are incorporated into a quaternary structure in which the carboxyl termini autoaggregate to form a transmembrane pore for the translocation of the trimeric passenger domain (30, 36) . The passenger domain displays the diverse functions of the autotransporters (27) . Once on the surface, the passenger domain of the protein can remain with the translocation unit, be cleaved and released, or be cleaved but still remain in contact with the bacterial surface via noncovalent interactions (19, 20, 27, 35) .
The oligomeric coiled-coil adhesin (Oca) proteins are classified as a type V c secretion system. These proteins possess common structural characteristics, which include: a highly conserved neck domain, a stalk domain that varies in length with a high probability of coiled-coil formation, and a translocation unit with a coiled-coil segment, followed by four amphipathic transmembrane ␤-strands (4, 30) . Cysteine residues are absent in the mature polypeptide but can be found in the signal sequence (30) . Stable oligomer formation is important for the correct folding of these proteins to produce a functionally active structure (3) . The monomer is not sufficient to form the active moiety. The members of this family also share functional characteristics, such as binding to epithelial cells and ECM proteins (e.g., collagen and fibronectin). YadA of Yersinia enterocolitica (30) , UspA1 and UspA2 of Moraxella catarrhalis (1, 2, 18) , Hia of Haemophilus influenzae (35) , Vomps of Bartonella quintana (43) , BadA of Bartonella henselae (29) , and XadA of Xanthomonas oryzae (28) belong to the type V c autotransporter class.
We have identified a high-molecular-mass protein (202 kDa, 1,965 amino acids), extracellular matrix adhesin A (EmaA), which is critical for the interaction of the oral pathogen Aggregatibacter (Actinobacillus) actinomycetemcomitans with collagen (21) . EmaA is one of the largest members of the Oca family, compared to the YadA monomer of 44 kDa and the Hia monomer of 114 kDa (12, 17, 35) . Three or four monomers of EmaA form antenna-like protrusions on the bacterial surface, which are composed of a long rod that terminates in an ellipsoidal structure with axes of approximately 3 by 5 nm (32) . The long rod has a diameter of 4.1 nm and a minimum length of 150 nm (32) . The EmaA structures are much larger than the YadA structures, which have an overall length of 23 nm and a globular ending of ϳ5 nm (12) .
In the present study, we have taken a molecular and structural approach to determine the region of the EmaA molecule required for collagen binding. In-frame deletion studies have located the collagen binding activity to amino acids 70 to 386, which correspond to the ellipsoidal head domain, as visualized by TEM. Within this sequence, we have identified a critical amino acid for the formation of the ellipsoidal structure and collagen binding.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in the present study are listed in Table 1 . All A. actinomycetemcomitans strains were grown statically in Trypticase soy broth supplemented with 0.6% yeast extract (TSBYE; Becton Dickerson, Sparks, MD) in a humidified, 10% CO 2 atmosphere at 37°C. The emaA mutant strain was grown as described above in the presence of 50 g of spectinomycin/ml. Escherichia coli DH10B cells were grown in Luria-Bertani broth (USB Co., Cleveland, OH) with shaking at 37°C.
The shuttle plasmid pKM1 was used to construct pKM9, which contains the full-length emaA and 500 bp upstream of the start methionine (accession number AY344064), as previously described (32) . Bacteria containing pKM9 and derivatives were propagated in TSBYE in the presence of either 35 or 50 g of kanamycin/ml. All emaA mutations generated in the present study were based on pKM9.
Construction of in-frame deletion mutants of emaA. In-frame deletion mutants were generated by using a strategy based on the QuikChange XL site-directed Table 2 ). The base pairs required for mutagenesis were minimized to make the site-directed mutagenesis easier to perform; therefore, we chose sequences that were similar to the SmaI cleavage site (CCCGGG). The modified plasmids were digested with SmaI, which generated two fragments, due to the presence of a unique SmaI site on the plasmid backbone of pKM1, upstream of the emaA gene, and separated on 0.8% agarose (Bio-Rad Laboratories, Hercules, CA) gels. The fragment containing the 5Ј of the emaA gene, including the upstream promoter region and signal sequence, was excised from the gel and purified by using QIAquick gel extraction kit (Qiagen, Hilden, Germany). In a separate reaction, another construct engineered with a unique SmaI site, to generate the remainder of the emaA molecule and the plasmid backbone, was restricted with the enzyme and gel purified. The SmaI fragment containing the 5Ј end of the emaA gene and the SmaI fragment containing the 3Ј end of the emaA gene and the plasmid backbone were ligated and transformed into electrocompetent E. coli DH10B cells. Transformants were selected on LB agar plates containing 50 g of kanamycin/ml. The plasmids containing the truncated emaA were purified by using a QIAprep spin miniprep kit (Qiagen), and the in-frame deletion was confirmed by sequencing using an ABI 3130ϫ1 genetic analyzer (Applied Biosystems, Foster City, CA) in the DNA Analysis Core Facility, Vermont Cancer Center, at the University of Vermont. Substitution mutations were generated by using a QuikChange XL site-directed mutagenesis kit according to the manufacturer's protocols with the primers listed in Table 3 . The plasmids were purified by using a QIAprep spin miniprep kit (Qiagen), and substitutions were confirmed by DNA sequencing.
Plasmids containing the modified emaA sequences were transformed into the emaA mutant strain of A. actinomycetemcomitans by electroporation as described previously (34) . Transformants were selected on TSBYE plates containing 50 g of kanamycin/ml. A 2-kb PCR product covering the mutation sequences was amplified by colony PCR and sequenced to confirm the transformants, using the forward primer 5Ј-CCCTTTCTACCACTACAGATATACC-3Ј and the reverse primer 5Ј-GACTGCTAAATTCTTTCCTGCC-3Ј. Transformation of the emaA mutant with the replicating plasmid containing emaA and some of the mutant constructs resulted in an increase of the doubling time of the bacterium. To synchronize the cultures for RNA isolation, membrane preparation, and collagen binding assays, dilutions of the overnight bacterial cultures were varied to obtain comparable absorbance values.
Determination of collagen binding activity. One bacterial colony was inoculated in 6 ml of TSBYE broth supplemented with 35 g of kanamycin/ml for 16 h. Cultures were subsequently diluted into 10 ml of fresh TSBYE broth containing 35 g of kanamycin/ml and incubated an additional 2 to 3 h until mid-log phase (optical density at 495 nm [OD 495 ] ϭ 0.2 to 0.4).
The binding of A. actinomycetemcomitans to human type V collagen (Sigma Chemical Co., St. Louis, MO) was detected by using a solid-phase binding assay (23) . Type V collagen dissolved in 0.5 N acetic acid (Mallinckrodt Baker, Phillipsburg, NJ) was diluted to 10 g/ml in sodium carbonate buffer (16 mM sodium carbonate [Sigma Chemical Co.] and 34 mM sodium bicarbonate [Mallinckrodt Baker]; pH 9.6), and 1 g was added to wells of 96-well microtiter plates. Plates were incubated overnight at 4°C, the protein solution was removed, and the wells were washed with phosphate-buffered saline (PBS; 10 mM sodium phosphate [Fisher Scientific, Waltham, MA], 150 mM NaCl [Sigma Chemical Co.]; pH 7.4). The wells were incubated with a 0.5% solution of bovine serum albumin-PBS for 1 h to block any exposed plastic binding sites. Mid-log-phase bacteria (4 ϫ 10 7 CFU) were added to the wells, and the plates were incubated for 1 h at 37°C in an atmosphere containing 10% CO 2 . Subsequently, the bacterial suspensions were removed, and the wells were washed with PBS. Bound bacteria were detected by using a purified immunoglobulin fraction of A. actinomycetemcomitans SUNY 465 polyclonal antiserum (22) . The immune complexes were detected by using horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin, and the enzymatic activity was determined by incubation with hydrogen FIG. 1. Schematic diagram of the amino terminus (amino acids 1 to 628) of EmaA and the in-frame deletions of EmaA constructed in the present study. peroxide in the presence of o-phenylenediamine (Sigma Chemical Co.). The reactions were stopped by the addition of 4 M sulfuric acid after 2.5 min, and the color development was quantified by measuring the absorbance at 490 nm. Each strain was tested in triplicate. The OD 490 value of the negative control (emaA mutant strain transformed by pKM1) was subtracted from the mean OD 490 value of the experimental sample and the data was represented as the percentage of binding of the complemented strain to collagen: (OD 490(target) Ϫ OD 490(pKM1) )/ (OD 490(pKM9) Ϫ OD 490(pKM1) ) ϫ 100%. The final results are presented as the mean Ϯ the standard deviation of three independent experiments. TEM. Bacteria were grown as described above but with 50 g of kanamycin/ml in TSBYE. A total of 5 ϫ 10 9 CFU mid-logarithmic-phase A. actinomycetemcomitans were centrifuged at 4,500 ϫ g at 4°C for 5 min and then resuspended in 100 l of PBS on ice. Then, 5-l portions of the bacterial suspensions were applied to carbon-coated 400-mesh copper grids. The grids were rinsed with PBS and negatively stained by washing them with a stream (a few drops) of 2% phosphotungstic acid (pH 7; Ted Pella, Redding, CA). The last drop of stain was left on the grid for 30 s. The excess liquid was wicked off, and the grids were fast air dried. Grids were observed on a Tecnai 12 electron microscope (FEI, Aachem, The Netherlands) equipped with an LaB6 cathode (Kimball International, Inc., Jasper, IN) running at 100 kV. Images were collected on a 14-m 2,048 ϫ 2,048-pixel charge-coupled device camera (TVIPS, Gauting, Germany) at 67,000 nominal magnification (32) .
Isolation of membrane proteins. Bacterial membranes were isolated according to the protocol of Nikaido (24) . Briefly, 250 ml of mid-logarithmic-phase bacteria (OD 495 ϭ 0.2 to 0.4) was collected by centrifugation at 5,680 ϫ g for 15 min and washed with PBS. The pellet was resuspended in 3 ml of 10 mM HEPES (pH 7.4) (USB) containing 1 mM phenylmethylsulfonyl fluoride (USB) and 120 l (1ϫ) of Complete protease inhibitor cocktail (Roche, Basel, Switzerland). Bacteria were disrupted by using a French press with a minicell at 18,000 lb/in 2 (124,200 kPa). The intact bacteria and debris were collected by centrifugation at 7,650 ϫ Immunodot blot analysis. Isolated bacterial membranes were solubilized in 2% sodium dodecyl sulfate. The protein concentration of the membrane samples was determined by using a BCA protein assay kit (Pierce, Rockford, IL) according to the manufacturer's protocol. The EmaA monomer is not consistently visualized in the 5 to 15% polyacrylamide-sodium dodecyl sulfate separating gel (data not shown). Most of the immunoreactive material remains associated within the 3% stacking gel. Therefore, we were unable to use immunoblots to determine the nature of the protein products generated in the present study. For quantification by immunodot blot, equal amounts of membrane proteins were denatured by boiling for 10 min and immobilized on nitrocellulose membranes (pore size, 0.2 m; Schleicher & Schuell, Keene, NH) using a Bio-Dot microfiltration apparatus (Bio-Rad Laboratories). The nitrocellulose membrane was incubated with blocking solution (5% skim milk; Bio-Rad Laboratories) for 30 min and washed twice with PBST (PBS containing 0.1% Tween 20 [Fisher Scientific]). Then, 10 g/ml of a purified monoclonal antibody (39) was applied to the membrane, followed by incubation at 4°C for 16 h. The nitrocellulose was washed with PBST three times, and the membrane was incubated with a dilution of horseradish peroxidase-conjugated goat anti-mouse immunoglobulins (Jackson Laboratories, Bar Harbor, ME) in PBST for 1 h. After three additional washes with PBST, the membrane was incubated with ECL substrate for 5 min (Amersham Life Sciences, Little Chalfont, Buckinghamshire, United Kingdom) and exposed to photographic film (XAR-5; Eastman Kodak, Rochester, NY). The intensities of the dots were quantitated by using ImageJ software.
Quantitative real-time PCR. Total RNA was isolated from 5 ϫ 10 8 CFU of mid-logarithmic-phase bacteria by using an RNeasy minikit (Qiagen) according to the manufacturer's protocol and treated with amplification grade DNase I (Invitrogen, Carlsbad, CA) to degrade any contaminating DNA. RNA was quantified spectrophotometrically, and equal amounts of RNA from the mutant and the full-length complemented strain were used as a template for reverse transcription (RT). cDNA was synthesized by using the SuperScript III first-strand synthesis system for RT-PCR (Invitrogen) according to the manufacturer's protocol.
emaA gene expression was quantitated by quantitative RT-PCR using an ABI Prism 7700 sequence detection system (Applied Biosystems) in the DNA Analysis Core Facility, Vermont Cancer Center, at the University of Vermont. The primers and the TaqMan fluorogenic probes (Sigma Chemical Co.) used are as follows: 16SrRNA (strain HK1651, oral pathogen sequence database of Los Alamos National Laboratory), sense primer 5Ј-GAACCTTACCTACTCTTGA CATCC-3Ј, antisense primer 5Ј-GGACTTAACCCAACATTTCACAAC-3Ј and probe 5Ј-6-FAM-CTGACGACAGCCATGCAGCACCTG-BHQ-1-3Ј for 16Sr-RNA gene, sense primer 5Ј-GGTCAATAACGACGGTGTTACG-3Ј, antisense primer 5Ј-TTCCCTTTCGCAACGTTAGC-3Ј and probe 5Ј-6-FAM-CGGTCC AAGCATGACAAGCCACGG-BHQ-1-3Ј for emaA. The expression of emaA was normalized to the endogenous 16SrRNA gene for variation in RNA quantity and quality.
The relative quantification of target gene expression was done by using the comparative cycle threshold (C T ) method (Applied Biosystems, User Bulletin No. 2: Relative Quantification of Gene Expression, 1997). The C T is defined as the cycle number at which the fluorescent signal generated by cleavage of the duallabeled probe is first detectable. The relative target expression was given by the formula: 2
Ϫ⌬⌬CT
, where ⌬⌬C T ϭ ⌬C T(target sample) Ϫ ⌬C T(calibrator sample) with ⌬C T ϭ C TemaA Ϫ C T 16SrRNA . The emaA mutant transformed with pKM9 was chosen as the calibrator. The results are presented as the mean Ϯ the standard deviation of three independent experiments.
RESULTS
All of the emaA constructs generated in this study contain the endogenous promoter sequence and encode the signal sequence, the coiled-coil domain, and the membrane anchor domain of EmaA. All plasmids were transformed into an emaA mutant strain as described previously (21) . This strain does not form EmaA surface-associated structures and displays a defect in collagen binding (21, 32 ).
An initial study of an in-frame deletion construct of amino acids 70 to 386 (Fig. 1 ) indicated that this sequence was required for collagen binding (Fig. 2A) . Bacteria transformed with this deletion construct did not complement the collagen binding activity of the emaA mutant compared to a strain transformed with a copy of the full-length emaA (pKM9) (Fig.  2A) . Quantitative RT-PCR of these strains indicated that the transcription of emaA in the strain containing the ⌬70-386 construct was ϳ30% of the transcriptional activity of the strain transformed with the full-length emaA (Fig. 2B ). This mRNA reduction may be due to a significant secondary structure alteration of the truncated mRNA (predicted by www.genebee .msu.su [data not shown]). However, the transcription of the The small oval-shaped particles in the micrographs corresponded to membrane vesicles secreted by both wild-type and mutant bacteria. Scale bar, 100 nm.
⌬70-386 was significantly higher than that of the wild-type strain, which was ca. 14% of the complemented strain (Fig.  2B) . Immunoblot analysis using a monoclonal antibody raised against a recombinant protein corresponding to the stalk domain (amino acids 631 to 1355) corroborated the transcriptional analysis. EmaA was present in higher concentration in both the whole-cell lysate and the membrane fraction of the complemented strain compared to the same fractions of the wild-type strain (Fig. 2C and D) . In comparison, the amount of EmaA in the strain containing the ⌬70-386 construct and the wild-type strain were equivalent ( Fig. 2C and D) . The EmaA immunoreactive protein was absent in the mutant strain containing the empty vector ( Fig. 2C and D) . The similarity of the expression levels of EmaA between the ⌬70-386 construct and the wild-type strain indicated equivalent protein translation of the different EmaA molecules. Therefore, the collagen binding activity was addressed to amino acids 70 to 386.
The strain transformed with the ⌬70-386 plasmid was radically different in the EmaA appendages on the bacterial surface. Both the wild-type and the full-length complemented strains expressed the antenna-like protrusions (Fig. 3A and B) . In the strain transformed with the ⌬70-386 plasmid, rod-like structures were clearly visible on the surface of the bacterium. However, the ellipsoidal ending of the appendages observed on the wild-type strain were absent (Fig. 3C) . These data indicate that amino acids 70 to 386 of the EmaA sequence form the ellipsoidal head of the antenna-like protrusions where the collagen activity resides.
Plasmids containing emaA coding for proteins with deletions in amino acids 70 to 206 and amino acids 207 to 386 were generated to identify the minimal sequence required for binding activity (Fig. 1) . Transformations of the emaA mutant with either the ⌬70-206 or the ⌬207-386 construct did not rescue collagen binding activity and showed a similar binding activity as the ⌬70-386 construct (Fig. 4A) . In addition, these strains formed similar appendages; the stalks of the appendages were present but the ellipsoidal endings were absent (Fig. 5) . The relative amount of EmaA present in the whole-cell lysate of strains containing these two in trans deletion constructs was equivalent to the strain transformed with the full-length emaA sequence ( Fig. 4B and C) . The data suggest that the entire 70 to 386 amino acid region of the protein is required for the formation of the functional collagen binding domain.
Nested deletion constructs (⌬70-144, ⌬145-185, and ⌬186-206) of the sequence spanning amino acids 70 to 206 were generated and analyzed for collagen binding activity to identify the critical amino acid(s) in this region of the protein. Strains transformed with plasmids containing the ⌬70-144 and ⌬186-206 constructs did not completely restore collagen binding (Fig. 6A) . Strains containing the ⌬70-144 construct rescued ca. 25% of the collagen binding activity, and the ⌬186-206 construct restored 50% binding activity compared to the strain transformed with the full-length emaA (which is significantly higher than that of the ⌬70-206 construct) ( Fig. 4A and 6A) . Interestingly, the strain transformed with the ⌬145-185 plasmid did not rescue binding activity and displayed an activity similar to that of the strains containing the ⌬70-206 and the ⌬70-386 plasmids ( Fig. 4A and 6A) . Moreover, the ⌬145-185 construct containing strain produced equivalent levels of protein in the whole-cell lysate compared to the complemented strain and 180% of the wild-type strain (Fig. 6B) . Sequence analysis of amino acids 70 to 386 has indicated the presence of repetitive pentameric sequences. The pentamers begin with either a serine or glycine, followed by three hydrophobic amino acids, and end with a conserved glycine residue. The repetitive nature of these pentamers suggests an important functional or structural role on the active collagen binding domain of EmaA. A pentameric sequence (162-GIAIG-166) is present within amino acids 145 to 185. The importance of these amino acids was tested by generating amino acid substitution mutations by site-directed mutagenesis. The hydrophobic amino acids 163-IAI-165 were individually substituted for charged amino acids with either glutamic acid (I163E and I165E) or aspartic acid (A164D). Substitution of either I163 or I165 with glutamic acid had little effect on the collagen binding activity compared to the complemented strain (Fig. 7A) . This was in contrast to the substitution of amino acid 164 (A164D) in the prototypic sequence. This substitution reduced the binding activity of the strain to ϳ60% compared to the full-length complemented strain (Fig. 7A) . A double mutation of I163E-A164D showed similar reduction on collagen binding as the single substitution A164D (Fig. 7A ). These strains (A164D and I163E-A164D) expressed equivalent concentrations of EmaA protein compared to the full-length complemented strain (Fig.  7B) . Substitution of all three hydrophobic amino acids with charged amino acids resulted in a strain with a binding activity similar to the strain containing the ⌬70-206 construct (Fig.  7A) . Although the expression of EmaA was reduced ϳ50% in this strain (Fig. 7B) , the reduction in protein expression does not entirely account for the diminution in collagen binding activity. Individual substitution of I163 or I165 with alanine had no effect on collagen binding (data not shown). However, substituting both I163 and I165 with alanine resulted in ϳ50% decrease in binding activity (Fig. 7A ) without affecting EmaA expression (Fig. 7B) . These studies suggest that the hydrophobicity of these amino acid side chains is required for the formation of the collagen binding domain of EmaA.
The importance of the first amino acid of this sequence, G162, was analyzed by substituting glycine for either serine or alanine. In 70% of these pentameric sequences, serine is the first amino acid in these sequences. Interestingly, replacement of G162 with serine abolished the binding activity of this strain compared to the strain containing the native sequence (Fig.  7A) but not synthesis of the EmaA protein (Fig. 7C ). In contrast, the substitution of the G162 to A162 showed a binding activity similar to that of the full-length complemented strain (Fig. 7A) . The loss of the restoration of collagen binding by a single amino acid substitution (G162S) was reminiscent of the strain containing the deletion of the entire head domain (⌬70-386). Visualization of the G162S substitution strain by TEM revealed antenna-like appendages on the surface of bacteria. However, the terminal ellipsoidal endings were not present (Fig. 8A) . This was in stark contrast to the G162A substitution (Fig. 8B) , which produced appendages similar to those visualized on the surface of the wild-type strain (Fig. 3A) . These data suggest that G162 is a critical amino acid for the structural integrity of the ellipsoidal ending of EmaA and collagen binding.
DISCUSSION
A. actinomycetemcomitans, a gram-negative, facultative anaerobic bacterium, is widely distributed across human populations and is strongly associated with periodontal diseases (10, 33) . This bacterium is found associated with or internalized in buccal and gingival epithelial cells, as well as connective tissue in the oral cavity (7, 23, 31) . Colonization of the connective tissue may allow this opportunistic pathogen to cause other serious systemic infections, including endocarditis, pulmonary infections, and osteitis (26) .
EmaA, a high-molecular-weight outer membrane protein, forms surface appendages associated with the binding of A. actinomycetemcomitans to collagen (32) . The structures are assumed to arise from the assembly of three to four monomers of EmaA. Nucleation, by integration into the membrane of the hydrophobic carboxyl termini, forms a membrane pore, as suggested for other type V c autotransporters (16, 30, 36) . The remaining regions of the protein are threaded through the pore, by an as-yet-undefined mechanism, and the active adhesin is presented on the surface of the bacterium (11) .
Strains of A. actinomycetemcomitans have been identified containing a 279-amino-acid in-frame deletion in the rod-like stalk domain of EmaA. This deletion does not affect collagen binding (39) . Therefore, the collagen binding activity was predicted to be associated with the head domain of the protein. In the present study, we localized the active moiety of the protein to the amino terminus. This region of the monomers assembles to form the ellipsoidal ending of the antenna-like protrusions as visualized by TEM. The absence of the ellipsoidal ending and the presence of the rod-like structure on the surface of the bacterium in the strain containing the ⌬70-386 suggest that this protein sequence is not required for oligomerization and translocation of the protein across the outer membrane. The formation of oligomers and protein translocation in a Y. enterocolitica strain expressing in-frame truncations in the amino terminus of YadA also strengthen the interpretation of our data (30) .
One commonality in EmaA and YadA is the presence of repetitive sequences in the amino terminus. A conserved consensus sequence (NSVAIGXXS) is found in the YadA amino terminus, as well as in other Oca family members such as Vomps of Bartonella quintana and BadA of Bartonella henselae (29, 37, 43) . These conserved sequences are not present in Hia (17) . In YadA the eight consensus sequences are found on average every 14 amino acids and play a structural role in the formation of the adhesin (25) . In contrast, a minimum of 10 homologous sequences are present in EmaA, which are not evenly distributed throughout the binding domain (Fig. 9) . However, we cannot exclude the possibility that additional potential pentameric motifs are contained in amino acid sequences 139 to 158 and 272 to 355. The ten pentameric sequences present in EmaA are critical for the integrity of the ellipsoidal structure, possibly via oligomer formation. A subtle change in the ellipsoidal structure due to the deletion of the pentameric sequences 116-GIAIG-120 and 134-GIALG-139 or 190-STAIG-194 may account for the partial binding activity associated with these deletions. In contrast, the strain containing a deletion spanning the pentameric sequence (162-GIAIG-166) was devoid of any binding activity. The loss of activity indicates a critical role for this sequence in the formation of the ellipsoidal structure which is required for activity. Based on our alignment of the 10 pentameric sequences, the 162-GIAIG-166 pentamer differs in its nearest neighbor location compared to other pentameric sequences in the linear sequence. The 162-GIAIG-166 sequence is separated by 23 amino acids from the neighboring pentameric sequences (134-GIALG-138 and 190-STAIG-194) (Fig. 9 ). This differs from the 9 to 13 amino acids that separate the other pentameric sequences in this region of the binding domain. The additional number of intervening amino acids may be important for positioning or stabilizing the presentation of this critical sequence. The pentamers are involved in stabilization of the YadA trimer and are located in the hydrophobic core of the molecule (25) . In the YadA sequence (SVAIG), substitution of the middle three residues (VAI) with charged amino acids prevented collagen binding by breaking apart the essential trimer (25, 37) . In the EmaA sequence (162-GIAIG-166), substitution of the corresponding hydrophobic amino acids (IAI) similarly destroyed the collage binding potential of EmaA (as indicated by the failure of the construct to complement the emaA mutant strain). Like the YadA residues, the hydrophobic character of the motif was fundamental to collagen binding. Interestingly, substitution of the individual residues had limited affect on the binding activity. However, the internal alanine residue appears to play a more important role in oligomerization of the head domain.
In the present study, G162 was found to be essential for formation of the ellipsoidal ending and thus collagen binding activity. The substitution of G162S eliminated the collagen binding potential of EmaA (Fig. 7) , although serine is a common first amino acid of the majority the pentameric sequences of EmaA. Associated with the loss of activity was the absence of the ellipsoidal ending of the structure. The lack of the ellipsoidal endings at the tip of the EmaA appendages may be due to a higher degree of disorder in the structure and not due to proteolysis. Substitution of the hydrogen of the ␣ carbon of glycine with a methyl group (alanine) had no effect on binding, and the appendages maintain the ellipsoidal endings. Therefore, we can conclude that the size and polarity of the side chain of G162 are crucial for maintaining the quaternary structure and activity of the ellipsoidal endings of the EmaA protrusions.
The sequences of EmaA and YadA show certain commonalities. However, EmaA differs in many regards from its YadA counterpart. The number of amino acids (a minimum of 316) required for the formation of the EmaA ellipsoidal structure is ϳ3 times greater than the number of amino acids (i.e., 111) associated with the YadA collagen binding domain. In addition, the crystal structure of YadA indicates that the eight pentameric sequences, which are evenly distributed, form the turns and hydrophobic core of the novel left-handed parallel YadA ␤-roll and trimer (25) . The variable length of amino acids between pentamers in the EmaA sequence may form loops similar to those formed between the ␤-strands of the epithelial binding domains of Hia (42) . The Hia structure con- sists of groups of ␤-strands separated by variable-length sequences of either random coils or ␣ helices (42) . Our data suggest that the EmaA binding domain structure includes features from both YadA and Hia. Confirmation of this hypothesis awaits higher resolution structural data. The structural differences in the binding domains for EmaA, YadA, and Hia may reflect the disparate substrates for these adhesins. EmaA interacts with collagen, but the loss of this gene does not affect bacteria binding to epithelial or endothelial cells (data not shown). In contrast, YadA, a multifunctional adhesin, is involved in binding to collagen and epithelial cells (6, 38) , whereas Hia shows specificity for epithelial cell binding (17) . However, the proteins utilize similar basic structural building blocks arranged differently to confer specificity of the organism and binding partner. Similar observations have been reported for the enzymes of the glycolytic pathway, where the building block is an ␣␤␣ sandwich and the substrate specificity is achieved by varying the stoichiometry of the components (8) . The conservation of structures with different activities among these bacteria may reflect the different physiological niches occupied by these pathogens.
